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The zero-temperature Hall response within tight-binding models of correlated electrons is studied. 
Using the linear response theory and a linearization in the magnetic field B, a general relation for 
the reactive (zero frequency) Hall constant R° H in the fast (transport) limit is derived, involving 
only matrix elements between the lowest excited states at B = 0; for noninteracting fermions, the 
Boltzmann expression is reproduced. For a Fermi liquid with a well defined Fermi surface and linear 
gapless excitations an analogous expression is found more generally. In the specific case of quasi- 
one-dimensional correlated systems a relation of R° H to the charge stiffness D is recovered. Similar 
analysis is performed and discussed for D and the compressibility. 
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I. INTRODUCTION 

Properties of metals with strongly correlated electrons 
can be strikingly inconsistent with the usual picture of or- 
dinary Fermi liquid. The most intensively studied exam- 
ple are the superconducting cuprates |y, g] , which behave 
in the normal state as hole doped magnetic (or Mott- 
Hubbard) insulators. Here an evident and challenging 
theoretical problem is to reconcile the Hall constant R a H , 
following approximately a simple semiclassical behavior 
Rjj ~ 1/ri/jeo consistent with an (semiconductor-like) 
interpretation of low concentration rih of holes in an in- 
sulator, with the evidence for large Fermi surface as it 
emerges e.g. from photoemission experiments. 

The theoretical analysis of the Hall constant R° H and 
more generally of the dynamical Hall response Rh{<+>) in 
systems with correlated electrons has proved to be very 
difficult. Within the general linear response theory the 
procedure for the calculation of Hall response is in princi- 
ple well established H and requires the introduction of a 
modulated magnetic field B exp(iqr) and consequently a 
modulated vector potential A in order to formally allow a 
linearization of the offdiagonal conductivity ap a in B ^ 
and to derive an expression for Rh(q, w) not involving B. 
At T = the relevant case for usual transport measure- 
ments of d.c. R a H is the limit: q — > first, and then 
w -» |l |. The formulation originally designed for 
nearly free lectrons has been extended to tight-binding 
models for strongly correlated electrons || . Nevertheless 
there have been so far rather few results for strongly cor- 
related models obtained following this framework. The 
Hall mobility of a single carrier at large T has been eval- 
uated M. Rh(u>) has been calculated in the high-w,T 



expansion o , indicating on the change of sign of Rh in 
the vicinity of the Mott-Hubbard insulator. One of the 
present authors [[7J also showed a plausible but nontrivial 
result that a single carrier doped into a magnetic insula- 
tor at T = indeed follows the semiclassical formula for 
7?° 

More direct numerical evaluation of R° H within the lin- 
ear response approach (at finite B > 0) is also quite 
delicate for prototype models of correlated electrons. 
Namely, small-system studies give even some controver- 
sial conclusions regarding the sign of R® H close to the 
magnetic insulator M, fj, nfl . It has been shown pTj] that 
a better controlled approach at T — can be obtained for 
a system with open boundary conditions in one direction, 
i.e. on a ladder geometry, where R? H can be expressed in 
terms of derivatives of the ground state energy with re- 
spect to external fields. 

Recently, the present authors |12) derived at T = a 
quite general relation between the reactive Hall constant 
R° H and the derivative of the charge stiffness D with re- 
spect to the electron density n, 



= J_dD 

H e D dn 



(1) 
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It should be pointed out that the derivation uses, in the 
direction transverse to the driving field, the non-standard 
(slow) limit u> — ► first, then q — > 0. It is a question 
and also our aim to find out whether or under which 
conditions this relation applies to the more relevant fast 
limit: q — > 0, then uj — > 0. Eq.(Q) has some very at- 
tractive properties for the analysis of strongly correlated 
electrons: a) D is at T — the central quantity distin- 
guishing the Mott-Hubbard insulator from a conductor 
(metal), b) close to the Mott-Hubbard insulator where 
the stiffness is expected to be proportional to hole dop- 
ing, i.e. D oc nu = 1 — n, Eq.(|fj) directly implies the 
plausible semiclassical result R° H = 1/eoTi/j, which has 
been hard to establish by any other analytical method so 



far. 

A qualitatively similar relation to Eq.rtjl) was also pro- 
posed in jlj, where a xy was related to the variation of 
the kinetic energy, i.e. d(T)/dn. Note that in a tight 
binding system (T) and D are interrelated through the 
optical sum rule. 

Our goal is to express the T = reactive Hall constant 
R° H in terms of eigenstates of correlated electrons in the 
absense of B and the fast limit, q — > first and then u> — > 
0. The present approach is the extention of the previous 
analysis for a single carrier M to the general electron 
concentration n. As first formulated by Kohn [^3[ , the 
diagonal conductivity in a metal is singular (reactive) at 
T = and low frequencies, i.e. a aa ex D aa /uj, defining 
the charge stiffness D aa . The concept of charge stiffness 
has been essential in the studies of correlated systems and 
is quite well established both by analytical and numerical 
methods in a number of relevant models ]14[ . 

On the other hand, in the same system at B > one 
also expects a singular off-diagonal conductivity a a ^p oc 
Bh. a p/uj 2 ^ leading to a finite reactive RP H . A al 3 (indepen- 
dent of B) is thus a central quantity of interest, playing 
the role of the off-diagonal charge stiffness. We find a 
general expression for A Q ^ in terms of low lying states 
at B = 0, and a more specific one for Fermi liquids with 
a well defined Fermi surface and charge excitations with 
linear dispersion. In the latter case we discuss the rela- 
tion of the new formulation to Eq.(nj) as well as to the 
standard Boltzmann theory for R° H in metals within the 
single relaxation-time approximation Jl5[ fl(i| . 

The paper is organized as follows: In Sec. II we intro- 
duce the linear response formalism for RP H . We perform 
the linearization in B and derive a general expression for 
A in terms of electron eigenstates. In Sec. Ill we treat in 
analogous way as a limit q —> the stiffness Z)° a and the 
compressibility k in order to demonstrate that in these 
quantities appear similar matrix elements as in A. We 
also discuss the Hall conductivity a yx in the slow limit 
(ui — ► first), thus relating it to the generalized D. In 
Sec. IV we deal with two specific cases: a single carrier 
in a Mott-Hubbard insulator and ID systems. Sec. V 
is devoted to a derivation assuming a Fermi liquid sys- 
tem, obtaining an expression analogous to the one in the 
relaxation-time approximation. As the application of the 
analysis we discuss noninteracting fermions, an isotropic 
Fermi liquid, and in particular the quasi-lD system where 
we recover the relation (0). 



lation in the y direction with q = qe y (the final result in 
the limit q — > should be independent of the q direction) 
requiring also a modulated electric field with the same q, 



B = Be 1 ' 



f — fiJqvp 



while the vector potential in the Landau gauge is 
A = AV 2 ^ , A q = iB/q . 
The dynamic Hall response is given by B 



Rh{co) 



£*{w) _ 1 -<7„ X (W) 



BJ x (lo) B a xx (tjj)<jyy{u)) 



B^0,q^0 



(2) 
(3) 

(4) 



where a a p, &uf] denote the conductivities at B ^ and at 
B = 0, respectively, higher order terms in B have already 
been neglected in Eq.ffl); the hat will denote quantities 
in magnetic field from here on and we are interested in 
the limit q ->■ 0, B -> 0. 

Models for strongly correlated electrons are usually 
analysed within the tight binding framework H = T + 
Hi n t where the magnetic field (flux) enters through the 
kinetic energy T via the Peierls phase, i.e. 



T 






e*(««+*«>4 Ci8 + H.c] 



(5) 



Here it is meaningful to distinguish the phase due to 
a constant magnetic field B (which in principle can be 
large), i.e. 9ij = er^ • A(r = Ry), and the small driving 
(time dependent field) (f>ij(t) = er,j • <p(r — Ry,t) where 
Yij — Tj—ri and Rjj = (rj+rj)/2; the sum (ij) runs over 
pairs of sites. The (particle) current J can be defined as, 



JP 



1 dT 



= j5-e^$, 



(6) 



where j'p and f?g refer to the paramagnetic current and 
stress tensor (diamagnetic contribution), respectively, 
both in the presence of finite A, 



'£ = £^ eJp ' RlJ (^' 



j 



' a/3 



1 r r 



H.c.) , 



X;*i,TgrJe*- R «(e <fl « C }, Cfa + ir. C .). (7) 

(*i)s 



II. DYNAMICAL HALL RESPONSE 



The conductivity tensor at B ^ 0, as a linear response 
to (f>p(t), can be expressed as ||[ |), 



For simplicity we consider only a two-dimensional sys- 
tem in the x — y plane, with a magnetic field perpen- 
dicular to the plane, i.e. B = Be z . To calculate the 
dynamical Hall constant Rh(<-o) we are looking on the 
response to a uniform electric current J = J x e x . We fol- 
low the standard linear response analysis H , introducing 
a modulated magnetic field. Here we choose the modu- 



Pap{tjS) 






\{ f 2fi) - Xap(v)] 



X afi (u) = i \ dte^mt) 3%)b , (8) 

Jo 

where N is the number of cells (volume of the unit cell 
is assumed unity) and ( )b denote averages at B ^ 0. 



Linearization in B 



B. Fast limit 



In order to calculate Rh{uj) we have to evaluate a yx 
up to the linear term in B. Since (T q ) = 0, we need 



X V x(u) = -eA^Kyxfa) 



(9) 



In a conductor at T = the conductivities a^ a are sin- 
gular at uj — [|13| defining the charge stiffness D^, a , 

2ie 2 



V(w) 



-£>L + <0), 



(10) 



where ct^(w) is the regular part of the conductivity. In 
the same limit K xy {uj) is also expected to be singular 
leading to a finite R a H — Rh{^ - > 0). Hence we define 
the off-diagonal stiffness 



I*-yx — 



LoK yx {uj) 



4Nq 



q^O 



(11) 



so that we can express the reactive Hall constant as 

A 



M/.i: 






(12) 



Performing now the linearization in the static vector 
potential ^4 q we take into account the analogy to Eq.@ 
and the coupling to the field, 



2p _ ap _ p T p-q /iq 

Ja Ja ^'ax ^ 



H' = -ej-«A« 



(13) 



where jj = j%.(B = 0) and r^= t v (B = 0). Instead of 
a general formalism at T > j| we assume here explicitly 
T = and we can express 

Xyx = (0b|^^ ~J°\0b) 



(0b\J° x - 



Eq 

1 



H 



#|0u) = xL + x£»(i4) 



' cj - E + H 

where \0b),Eq, H refer to B ^ 0. We consider only linear 
terms in A q therefore Eq = Eq . Taking into account that 

1 



|0 B ) ~ |0) - eA« 



E -H 



^ q |0) 



1 



X-Y 



we obtain 



K, 



(0|j q 



11 i 
x + x Y x ' 



•|0) 



(15) 



y W - (H - E ) 



!)■'■ 



uj-{H- E ) 



fx\0) 



1 



(0l7 q - 

' Uy uj-(H-E ) JX E a -H 



-Jl- 



J,- q |0) (16) 






i 



En-H^ 



1 



(# - £o) 

1 



ix°|o> 



(ff-^c 



TJx 



(H-Et 



riSlO) 



with an analogous expression holding for K, 



ii 

yx- 



It is helpful to express K yx (uj) in terms of eigenstates. 
Assuming that the ground state |0) has momentum Q it 
is convenient to separate excited states into sectors: \m) 
with momentum Q, \rh) with Q — q, and \fh) with Q + q. 
Denoting e = E — E and using 



1 



(w - e r?l )(uj - ei) 
we can write |7j 



— (— 



1 



w - ej 



(17) 



Kyx(uj) = Y^ [ 



In 



Tri 



+ 



m>0 






w + e r : 



w 



(J - 



(18) 



where 



7)5 



2(j q )om(rfa; q )mO, 



2(^2; q )rnO = (^^mO ~ ^ 

Z>0 

\3x)ml\Jx ) 



(j x %m(j° x )io 



ei 



10 



and 



E 



S m — 2(aL.)om(Jx)mO, 



(19) 



2(d yx )om — (T yx )o m - 2_^ 



\3y)oi\3x Jin 



E 



(j,- q )or(j- q )/ 



y Jim 



(20) 



and analogous expressions for 7„ and S m . Since we 
are interested in the limit g — > it follows anyway 
from 5 a p(—uj) = a* a Juj) that 7„ = 7,~„ = real and 

S m = $ m = real. 

The fast limit corresponds taking first q — » and then 
w — ► 0. In Eq.(p"8|) the singular part oc 1/w in this case 
emerges from the class of excited states M which exhibit 
f-m — *■ in the q — > limit. On the other hand S m ,5 m 
terms are not contributing since e m > do not depend on 
q and remain finite in the limit q — » 0. Aj, x can therefore 
be expressed as 



rheM 



-1\ 

xx MO 



(21) 



We note that (d Q q )m n can also be represented as the 



matrix element of the stiffness operator d a q , 



{d a %)™.n = (m\d a %\n) = -(m|[r QQ q 



H — Efr, 



7° -7° 

Ja Ja 



H-E, 



-J^]\n) 



(22) 



provided that (Ja)nn — 0. It is quite evident that the 
operator d _q is closely related to the charge stiffness since 
it follows from Eq.®,© that D° aa = (0«j0)/iV. 

Moreover, there are other more compact representa- 
tions of (d~^)m0- We first note that it just the matrix 
element at B > 0, 



(«™o = |^<m s |j£|0 B ) 



(23) 



as follows directly from Eq.rtlj) by using the representa- 
tion of | tob) states and extracting the singular term at 



(■yx = J2( Q B\j%\m B ) 



1 



w + Eq — E m 

- E WNM^I *) , 



(m B |j°|0 B ) 



10 



(24) 



m£M 



The latter emerges from m B corresponding to rh and the 
only term linear in B involves Eq.(E3h. 

(dxx)mo can be as well interpreted as a derivative of 
the current matrix elements with respect to a uniform 
vector potential (fictitious flux) 9 [0|, coupled to the 
current as H" = 9 ■ j. By taking a derivative with respect 
to 9 X , we obtain 



<:) 



— (mb7 q |0) = (m|[r- q 



ix q |J>(Jli£ 



Z>0 



q 



E 



fj){l\i^ 



|0) . (25) 



In the limit q — > we can replace ei —>■ ei — e„ for Z > 0, 
and ej — e TO — ► £[ for Z ^ m. Since (j")oo = we can 
identify Eq.(|25|) with Eq.(^9|) except the term I = rh, 

2{d x *)rho = j^-( m \Jx q |0) ■ (26) 

For a general correlated system we have thus expressed 
A xy and consequently R° H in terms of matrix elements 
involving only lowest excited states rh S M (in the ab- 
sense of B) and their derivatives to a homogenenous flux. 
In addition we note that the second term in Eq. (E6J) docs 



not contribute to A xy in several nontrivial cases as shown 
later: a) for a single carrier in a correlated system, b) for 
noninteracting fermions on a bipartite lattice with only 
nearest neighbor hopping. 



III. CHARGE STIFFNESS AND 
COMPRESSIBILITY 



Before proceeding with the approximations to A xy let 
us stress that also other quantities like the charge stiffness 
and the compressibility can be expressed solely in terms 
of the same excited states rh 6 M . 

We first consider a° a for B = 0. D® a can be expressed 
as 



D Q = 



1 
N 



E 

m>0 



KjS) 



0m| 



I d 2 E n 



N d 2 9 a 



(27) 



hence D^ a is evaluated from the ground state energy 
E°(9 a ), which is the usual procedure. 

Alternatively we can consider cft aa as the limit q — > 
of er q Q (direction of q here is arbitrary), 



x2» 



— \(t° ) 



A. a. <x 



(«)] 



dfe fa '*([7S(*),ia q ]> . 



(28) 



In the case of 9 7^ it follows (t° q ) = Xaa(0) (optical 
sum rule), so there is no (strictly) reactive term which 
would correpond to the singularity in Eq.(HG). As in Sec. 
II we can then represent <r q Q in terms of eigenstates, 



q , >, «e 2 v^ l(j q )o" 



^ ill 



1 



1 



u> 



(29) 



We can nevertheless extract the reactive part as the sin- 
gular part which behaves as 1/ui for q — > 0. This again 
emerges from states rh S M and consistent with Eq. (nfl) 
we get 

I(jS)o™| 2 

iii — ; ■ 
q- 



^ = lim oA7 



E 

meM 



(30) 



Eqs. (£71) and ( |30| ) define two alternative approaches to 
evaluate -D° a , where the first is the standard one. The 
equivalence of both is expected to give more insight into 
the excited states and matrix elements (j q )om- On the 
other hand we note that D^ a , Eq.d3fj), contains the same 
matrix elements as A yx indicating that both quantities as 
well as R a H are related. 

Closely related is also the generalized compressibility 
K q . Let us consider a perturbation induced by the mod- 
ulated chemical potential so that we deal with a hamil- 
tonian H^ = H + /i q p q . Then we can express in analogy 
to^ q Q , 



1 djffl) 

N <9/i q 



-E 

N 4^ 



l(p q )o A | : 



(31) 



We also note the relation following from the conserva- 
tion law for q — ► 0, 



i [7Y,p q ]+ l q-j q -0 

► q • (j q )im = (Cm ~ eO(p q )im 



(32) 



so (j q )om and (,o q )om are evidently related. From Eq.(|3J 
it follows that (p q )oA oc q for to £ M, so only states 
to G M contribute in the limit q — > 0, 



i im ^ii ffl lV» 



rheM 



( m 



(33) 



In order to find a closer relation between A^ and the 
stiffness D aa as e.g. manifested in Eq.(|l|) let us consider 
now the stiffness X>~ q in a perturbed ground state |L2| , 



2DZ? 



iV 



<o M | 



H^-E^ 



'Hf-Eg- 



l<V>, 



(34) 



We can again evaluate Eq.(p4f) within the first order of 
the perturbation theory in H = /z q p q 



In \ in\ , V I ~ \ (P q )™oM q 

l°W = 1°) + Z^ l m ) — 



(35) 



and recognize the correspondence with a yx as explicitly 
expressed in Eqs.(|^),(p|),(|17|) - (poj) . In fact it has been 
already shown 113] that 



<9X>~ q o 2 
g - = -T-^VyxVJ) 



(36) 



Using Eqs.(p|),(|lg|) and decomposing l/[w(w — e m )] as in 
Eq. (|l7|) , we can rewrite 



5yx{u) 



e 3 B r^ 1 

m 

E-f- 



LO - Cm W + £ri 



+ 



m>0 



w + e r , 



}, (37) 



taking into account that at q > there is no singularity 
strictly at U) = 0, hence terms l/o; should cancel. For 

w = 0we get 



^(0) 



2e 3 B 
qN 



[2s ~^~ + 2s~^r 



(38) 



m m>0 

It seems plausible that in the limit q — > in Eq. (pq) only 
states with tmix? contribute, i.e. to S M, so that 

ai?- q _ 2q v 7r7 

AT 



<9/i q 



E 

meM 



(39) 



The relation to Aj,^ in Eq.(pi|) is evident and will be 
exploited later on. 



IV. SPECIFIC CASES 



A. Single charge carrier 



A nontrivial example of the above formalism is a single 
charge carrier i.e. a hole or an electron doped into a 



Mott-Hubbard insulator (7). We have to assume only 
that the carrier behaves as a quasiparticle. I.e., excited 
states have a well defined effective mass, 



e rh = ND n 



(40) 



For a nondegenerate ground state |0) there is only one 
relevant excited state \rh) = |0). So it follows from 
Eqs.©,©,© that 



D° 

vv 



and 



(?' q ) 2 ~ 

Ne 



1 



\(j«) o\ = ND m q, 



(41) 



V,, = ^O#)oofe q )o0 = ±Dyy D L ■ (42) 



The semiclassical result follows finally from Eq. (|l2]) , 

N 
' e 



R°h = t - 



sgn(R° H ) = -sgn(^) o6 , (43) 



by inserting e = — eo. There remains to determine the 
sign of R% , which should be plausibly positive for a hole- 
doped insulator although this is not trivial to show an- 
alytically M]. For a single carrier we also get for q — > 
(P q )oo = ^ which is an alternative requirement for a well 
defined quasiparticle. We note also that the second term 
in Eq.(p6|) does not contribute since (j^)qo = if cc and 
y are symmetry directions of the D tensor. 



B. ID systems 

Naturally one cannot discuss Hall effect and R a H in a 
strictly ID system but it is instructive to consider rela- 
tions which follow from our analysis for D° and k . We 
assume here that the correlated electron system behaves 
as a Luttinger liquid with gapless charge excitations char- 
acterized by a linear dispersion for q — » 0, 



E fil (q)-E 



v c q 



(44) 



The counting of states |to) is then as for electron-hole 
excitations in the normal Fermi liquid. 

Assuming that Eqs.(|30|),(|33;) behave regularly as q — > 
0, we can replace (j q )om — » jc and (p q )orfi — > T c . From 
Eq. (p2|) it follows also that j c = v c r c and we get (taking 
into account also the spin degeneracy), 



D° = 



Jc 

ITVr. 



K° = 



2r 2 



(45) 



These expressions are in agreement with the phenomenol- 
ogy of the Luttinger liquids |17| where we can identify 
the renormalization factor r c with the density exponent 



K„ 



Although there is another gapless branch of 



spin excitations, we note that this does not enter the 
quantities as the charge stiffness D° and the charge com- 
pressibility k . Our analysis is at T = 0, it is easy 
to argue that for low T specific-heat coefficient we get 

Cy oc l/v c . 



V. FERMI LIQUID 

Let us now consider as an illustration of the above 
formalism a Fermi system characterized by gapless charge 
excitations with a linear dispersion (for q — > 0), 



£™(q) - E = v(k) • q 



(46) 



corresponding to electron-hole excitations and a Fermi 
surface kp. The states \fh) are then determined as 
electron-hole excitations in the normal Fermi liquid so 
at given q they are characterized by k 6 FS q . For 
the general direction ep = q/q the states are given by 
k = kp + kep and — q < k < 0, where the latter condi- 
tion is satisfied only along half of the Fermi surface. 

Assuming the fermionic character of such excitations 
(with spin) , we can write the sums over excited states ex- 
plicitly for the thermodynamic limit taking into account 
spin degeneracy and q — > 0, 



1 



1 



N 4^ N 



E 

k6FS„ 



J2q_ 

(2tt) 2 



k a < 



dkp 



V k ) , (47) 



again restricting our analysis to 2D systems. 

Here we note that in general the operators j q , t^q, p q 
(at B — 0) can be represented as 

Ja = 2^ W k C k+q/2, S C k-q/2,s > 



T 1 - 

'a/3 — 



P q = 



k,s 

Z^ T k C k+q/2, S C k-q/2„ 
k,s 



(48) 






k,.s 



k+q/2,s Ck -q/2,s • 



where Vk = de^jdk and Tk = d 2 e\ L jdkdk. 

In the following we can consider as a test noninter- 
acting electrons with dispersion ek, where the relevant 
excited states are 



l™)= C k-q/2, S C k+q/2,s|0) • 

Let us first treat £>° Q , Eq.®, 
1q / dkp 



(49) 



D\ 



(2tt)2 J k0<o v(k) 
1 f dkp 



«/90O- 



(Jo)om| 



(2tt) 2 J v(k) 



(i2)0ra 



(50) 



For q — > the result must be independent of q so it is 
plausible that 



For noninteracting fermions the expression ( f >2 |) is 
straightforward since we know from Eqs.(|48|),([49[) that 
j a (k) = v a (k) = v£. 

In the same way we can also argue that (p q )o™ —* r (k), 
which can be concluded from Eq.(j3l|), 



dk F ,, J(p q )ori 

w M k ) — 



" r fc^<o «( k 

1 f dkp lf as ,2 ' 



fc?/^ 1 ^ * 1 =2^.7 ,,k 



dfcF r 2 (k).(53) 



Furthermore for noninteracting fermions we get (/O q )om = 
r(k) = 1. 

Let us turn to the discussion of A yx . Matrix elements 
(d~ q )mo within a Fermi liquid are (for chosen q direction) 
expected to depend only on k along the Fermi surface, 
so we can replace (d a T q )i«o -* d xx (k) and 



- l 

yx ~ (2^) 2 



dkp 



Jy(k)Vy(k)d XX (k) . (54) 



Taking into account Eq. ( Pq ) and that the role of 8 is to 
shift k we can also relate, 



A Hi - q | )^A iiC (k) 

o&x dk x 

Eq. (pl|) can therefore be written as 



(55) 



A 



yx 



1 i dkF ■ ^ 



■(jx)mm(L q )mO -(56) 



At this stage we are unable to put also the second term 
in analogous form as the first one. Still the expression is 
very similar to the symmetric one, 



A 1 

VX ~ 8tT 2 



dkp 



J»(k) 






dk x 



dk v 



= ^f ^,(k)[v(k) x e B ] ■ Vj x (k) , (57) 

which is formally equivalent to the Boltzmann expres- 
sion within the relaxation-time approximation (bj, |16| . 
A clear advantage of the symmetric expression is that 
the required xy symmetry A yx = —A xy is evident, since 
Eq.(b7]) can be represented as 



A„ 



16tt 2 



[dj(k)xj(k) 



± 



Si 



(58) 



0o)0m -+ Ja(k) 

depends only on k G kp, and 



D° = 



1 



<ifcf 



(2tt) 2 J v{k) 



\UW 



(51) 



(52) 



where Sj is the area spanned by the vector j(kp). 

Again testing with the case of noninteracting fermions 
we note that in Eq.(|26|) the second term is 



\Jx )mQ\J x )mm 



8 

x[k-)gr-v x (k) , 



(59) 
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therefore we reproduce the usual semiclassical expres- 
sion (Ts) for A yxi Eqs.(|57|),(p8|), up to a constant (relax- 
ation time) which anyhow cancels out in R? H , Eq. ( |l2| ) . It 
should be also reminded that for noninteracting fermions 
on a bipartite lattices with nearest neighbor hopping the 
term ( p9[) vanishes since we have v a (k a ). 



A. Quasi-ID systems 

Let us assume a very anisotropic Fermi liquid with a 
dispersion large only in the x direction and consequently 
also a nearly flat Fermi surface with |kp | ~ k . It is plau- 
sible that for large anisotropy Eq.(54) can be decoupled 
as 



A yx ~ d xx (kp) 



It follows also that 



1 



dki 



(2tt) 2 J v(k) 



■^( k )jj/( k ) 



(60) 



Now we can use relations (|3q),(p 
the limit q —* 0, 



D° xx ~ D . (61) 
for a Fermi liquid in 






1 
2^2 



dkp 



r(k)d xx (k) 



(62) 



For a nearly flat Fermi surface we can replace d xx (\t) 
d xx (kp) and we get 



dV x ? 



dfi c 



t-^^iwf^- (63) 



where we have also assumed that taking the derivative 
dD/dfj, is regular for q — ► 0. So finally we can express 
R° H as (e = -e ), 



i? ( 



H 



A = 



u(k) 

dkp 



A dD 
e^D dn ' 

dkp 



v(k) 
Kk)/^(k). 



%( k )jy( k )/ 



dfci? . 2 

«(k)' v "v ^ky Jy 



(64) 



For a quasi- ID system we expect that r(kp) ~ rp, 
u(ki?) ~ vf and therefore j(k^) = rpv(\cp) and con- 
sequently A ~ 1. Hence we have reproduced in this case 
the desired expression (mj. 



B. Isotropic Fermi liquid 

Although the tight binding model, as introduced ini- 
tially in Eq.(||), does not lead to an isotropic Fermi sur- 
face, an isotropic Fermi liquid can still be of interest for 



illustration and can also emerge in specific cases. We as- 
sume here that j(k) = j(k)e-k and v(k) = u(fc)ek, so that 
Eqs.@,@ lead to 



and 



D 



R H = 



kFJ F 



A„ 



'1 

-in 



A-Kvp 



1 



eokpjp e Q n F r F 



(65) 



(66) 



where np = kp/2-K is the effective density of electrons as 
determined by the volume of the Fermi surface. 



VI. DISCUSSION 

The theory of the Hall constant in systems with 
strongly correlated electrons is evidently a difficult sub- 
ject. In spite of its relevance for the intensively investi- 
gated anomalous properties of cuprates, there has been 
so far no consensus on the behavior and even less in the 
appropriate formalism for an analytical evaluation of the 

It is clearly an advantage to deal with the system at 
T = since here the transport (reactive) Hall constant 
R? H is well defined but does not involve any scattering 
or dissipation. One could hope that such R° H remains a 
reasonable approximation for Rh(T) at finite but small 
T > 0. This is for example the case for normal metals 
and semiconductors where within the approximation of 
uniform (in k) but T dependent relaxation rate t(T) the 
latter cancels out and finally Rh(T) ~ R° H . 

The central quantity in our approach for Rh(uj) is the 
off-diagonal stiffness A yx which plays analogous role as 
the charge stiffness D aa in the diagonal optical conduc- 
tivity a aa (uj). We show in Sec. II that A yx can be ex- 
pressed in terms of matrix elements involving solely low- 
est excited state (at B = 0) which is a conceptual and 
technical simplification, which is also well adapted for 
application to a broader class of Fermi liquid systems. 
For a Fermi system with a well defined Fermi surface 
and gapless electron-hole excitations we also find a for- 
mal correspondence (apart from some ambiguities with 
the second term in Eq. (p6J)) of the expression for A yx with 
the one in the relaxation-time approximation. The main 
difference in correlated system is that effective quantities 
v(k) and j(k) are not directly related. 

From the general formalism in Sec. II it is clear that 



there is intimate relation between A yx and the matrix 



elements of the stiffness operator, Eqs.(^2j),(g3|). More 
directly we can express R° H with the D(n) itself in the 
case of quasi-lD correlated system, where we recover (un- 
der certain restrictions) the expression (|l|) derived quite 
generally in the slow limit (first u = 0, then q — * 0). The 
Hall response of such quasi-lD systems is of direct ex- 
perimental interest, in particular recently in connection 
with the apparent controversies in ID conductors (13] as 



well as with the striking vanishing of the Hall constant in 
the stripe phase of cuprates |Rj, go) . Since strongly cor- 
related quasi-lD systems are not expected to be singular 
one can expect that the relation (|l|) remains qualitatively 
valid even for a broader class of strongly correlated elec- 
trons. 
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